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1. Priority Claim 

10 [001] This application claims priority to provisional patent application having serial 
number 60/424,961 filed on November 7, 2002 having title METHOD AND 
APPARATUS FOR EQUALIZATION AND CROSSTALK MITIGATION and 
provisional patent application having serial number which is not yet assigned filed on 
May 16, 2003 having title METHOD AND APPARATUS FOR EQUALIZATION AND 

15 CROSSTALK MITIGATION. 

2. Field of the Invention. 

[002] The invention relates to communication systems and, in particular, to a method 
and apparatus for equalization and crosstalk mitigation. 

20 

3. Related Art 

[003] Modern communication systems achieve data communication between 
transceivers located at remote locations. To increase data communication rates, 
communication system cabling arrangements often include numerous conductors in close 
25 proximity to transport a signal between remote locations. These systems may be referred 
to as multi-channel communication systems. F urthermore, communication devices are 
often constructed on circuit boards containing numerous conductors, traces, or electrical 
devices. In all of these instances, coupling between channels of a multi-channel 
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communication system may occur, thereby introducing interference into the other 
channels. This type of interference is generally referred to as crosstalk. 
[004] As is commonly understood, crosstalk may be characterized as near end crosstalk 
(NEXT) and far end crosstalk (FEXT), depending on the source of the crosstalk that is 
5 introduced and the recipient or victim of the crosstalk. Figure 1 illustrates an example 
transceiver system with FEXT coupling. As shown a first set of transceivers 104A-104D 
is part of Station A 102, which is located at a first location. Station A 102 communicates 
over channels 108A-108D with a second set of transceivers 112A-112D that are part of 
Station B 1 10 and which are located at a second location. FEXT type crosstalk is shown 

10 in Figure 1 by coupling lines 1 16AB, 1 16 AC, and 1 16AD with channel 108 A as a victim 
channel. Signals on each of the adjacent channels, i.e., the disturber signals on the 
disturber channels, often couple into the victim channel 108 A and thereby interfere with 
reception of the desired signal being transmitted on the victim channel. For example, the 
signal on channel 108 A will have coupling from the signals transmitted onto Channels 

15 108B-108D. 

[005] Similarly, the signal transmitted over the victim channel 108 A may couple onto 
the other channels 108B-108D. These coupling signals are shown in Figure 1 as coupling 
signals 120BA, 120CA, and 120DA. Hence, the processing and decoding of the signals 
transmitted over channels 108A-108D is made more difficult by the coupling that occurs 

20 between channels. 

[006] While attempts have been made to overcome the effects of coupling, none of 
these attempts adequately reduces the presence or effects of crosstalk. One such attempt 
is detailed in U.S. Patent No. 6,236,645 issued to Agazzi, The Agazzi reference teaches a 
cancellation system associated with each receiver in a multi-receiver system. The 

25 cancellation system disclosed in the Agazzi reference may be characterized as utilizing 
tentative decisions to reduce the effects of coupling onto a signal by making assumptions 
about the signal, such as a symbol value, that was sent on another channel. The tentative 
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decision may be described as a guess regarding a symbol value that was sent on the 
channel. 

[007] The Agazzi reference does not, however, eliminate sufficient coupling to 
overcome all the drawbacks of the prior art, and hence, even when adopting the teachings 
5 of the Agazzi reference, coupling continues to interfere with isolation of the received 
signal. One particular drawback to the teachings of the Agazzi reference is that the 
system of the Agazzi reference continues to suffer from decision device error resulting 
from crosstalk corruption of a signal because it makes tentative decisions based on the 
analysis of a signal that includes an unacceptable amount of noise or coupling. Incorrect 
10 decisions may occur as a result, thereby increasing error rates. Further, the filter 
proposed for use by the Agazzi reference is undesirably complex, since it must span the 
convolution of the channel response with the coupling response. This undesirably limits 
processing speeds. 

[008] Furthermore, prior art solutions often do not address many aspects of coupling 
15 signal cancellation. Such aspects include coupling that occurs at frequencies that differ 
from that of the disturber signal and signals that couple into the victim signal yet 
propagate through the victim channel at rates different from that of the disturber signal. 
[009] The method and apparatus disclosed herein overcomes the drawbacks of the prior 
art and enables more accurate signal decoding and processing than previously possible. 
20 Moreover, transmission at higher data rates with lower error rates, as compared to the 
prior art, is also enabled. 
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Summary 

[010] To overcome the drawbacks of the prior art, disclosed herein is a multi-channel 
communication system having a first station and a second station configured to 
5 communicate over two or more channels. In one embodiment, this system comprises a 
first station having two or more transmitters configured to send two or more transmitted 
signals over two or more channels from the first station to the second station. Also part 
of this embodiment is a second station having two or more receivers configured to 
process a received signal wherein each received signal comprises the transmitted signal 

10 and one or more coupling signals. In this embodiment at least one of the receivers may 
comprise a decision device configured to generate a decision output based on at least the 
received signal and a modified decision output. A feedback system is provided and 
configured to generate the modified decision output and combine the modified decision 
output, the received signal, and one or more incoming FEXT cancellation signals. An 

15 adder is part of the receiver and is configured to add the modified decision output from 
the decision output to create an intermediate signal and one or more ELFEXT filters are 
also provided and configured to process the i ntermediate s ignal t o c reate o ne o r m ore 
outgoing FEXT cancellation signals. 

[Oil] It is contemplated that the communication system may be further configured to 
20 transmit data from the second station to the first station. In addition, the one or more 
incoming c ancellation s ignals c omprise o ne o r m ore c ancellation s ignals configured to 
remove FEXT coupling from the received signal and the adder may be further configured 
to add the modified decision output to one or more incoming cancellation signals arriving 
from the decision output to create the intermediate signal. In one embodiment the 
25 ELFEXT filter is configured to account for an ELFEXT portion of FEXT coupling. In 
one embodiment each receiver at the second station generates a unique cancellation 
signal tailored for each of the other receivers at the second station. It is contemplated that 
the feedback system may comprise a decision feedback filter and that the decision device 
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may comprise a slicer. In one embodiment, the multi-channel communication system 
comprises a four-channel communication system configured to operate in accordance 
with an Ethernet Communication Standard and each transmitter may comprise one or 
more FEXT precode filters configured to generate and provide one or more precode 
5 cancellation signals to other transmitters. 

[012] Also disclosed herein is a multi-channel communication system configured to 
reduce noise. In one embodiment this system comprises one or more transmitters 
configured to transmit a first signal on a first channel and a second signal on a second 
channel. Also part of this system is a first receiver configured to receive a third signal on 
10 the first channel and a second receiver configured to receive a fourth signal on the second 
channel, wherein the third signal comprises the first signal and a first interference 
component and the fourth signal comprises the second signal and a second interference 
component. 

[013] In this configuration, the first receiver comprises the following parts. A first 
15 feedback filter loop that is configured to receive the third signal and reduce interference 
on the third signal such that the output of the first feedback filter loop comprises a first 
feedback filter loop output and a first decision device having a first decision device 
output configured as part of the first feedback filter loop. The first device is provided and 
configured to receive a second cancellation signal from the second receiver and combine 
20 the second cancellation signal with the first feedback filter loop output. A first filter is 
configured to receive at least the decision device output and generate a first cancellation 
signal. 

A second receiver comprises a second feedback filter loop that is configured to 
receive the fourth signal and reduce interference on the fourth signal such that the output 
25 of the second feedback filter loop comprises a second feedback filter loop output. A 
second decision device is provided to create a second decision device output configured 
as part of the second feedback filter loop. A second device is configured to receive the 
first cancellation signal from the first receiver and combine the first cancellation signal 
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with the first feedback filter loop output. A second filter is configured to receive at least 
the second decision device output and generate the second cancellation signal. 
[014] In one embodiment, the first device and the second may comprise summing 
junctions. In one embodiment the first feedback filter loop and the second feedback filter 
5 loop both comprise a decision feedback filter configured to reduce intersymbol 
interference. In one configuration the multi-channel communication system has four 
channels and the interference comprises FEXT coupling. The first filter and the second 
filter may comprise digital filters having coefficient values selected to generate 
cancellation signals that cancel FEXT coupling. In one embodiment, the one or more 

10 transmitters further comprise precode FEXT filters such that each precode FEXT filter is 
configured to generate a cancellation signal that can be combined with a signal, prior to 
transmission of the signal, to pre-cancel FEXT coupling. Moreover, at least one of the 
one or more transmitters may be configured to generate an outgoing precode cancellation 
signal and receive an incoming precode cancellation signal from another transmitter. 

15 [015] In another embodiment a receiver for use in a multi-channel communication 
system to cancel coupling on a transmitted signal and reduce intersymbol interference is 
provided wherein a distorted version of a transmitted signal and FEXT coupling comprise 
a combined signal. The receiver comprises a first device configured to receive and 
combine a feedback signal with the c ombined s ignal t o c reate a d ecision d evice i nput 

20 signal and a decision device configured to process the decision device input signal to 
generate a discrete output. A decision feedback equalizer is also provided and is 
configured to receive and process the discrete output to generate an equalizer output. A 
second device is provided to combine an incoming cancellation signal with the equalizer 
output to create the feedback signal. Also part of this embodiment are one or more 

25 ELFEXT filters, each configured to generate an outgoing cancellation signal that is 
related to the discrete output, wherein the outgoing cancellation signal is tailored to 
cancel FEXT coupling on another channels in the multi-channel communication device. 
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[016] In one variation, the system further comprises a third device configured to 
combine the discrete output and the one or more delayed cancellation signals to create an 
input to the decision feedback equalizer. The decision device may comprise a sheer 
having ten output levels. In one configuration, each multi-channel communication 
5 system comprises a station and each station comprises four receivers. 

[017] In at least one embodiment a receiver is provided for use in a multi-receiver 
system and is configured to receive two or more signals via two or more channels. In one 
configuration each respective receiver comprises an input configured to accept a received 
signal and a decision device configured to quantize a decision device input signal to one 

10 of two or more decision values, such that the decision device input signal is based on the 
received signal. A first filter is also part of the receiver and is configured to process the 
decision values to create a first filtered signal. One or more second filters are configured 
to process the decision values and the first filtered signal to create an outgoing 
cancellation signal tailored to cancel coupling on one or more other channels. Also part 

15 of this embodiment are one or more additional devices configured to receive one or more 
incoming cancellation signals from other receivers in the multi-receiver system and 
process the one or more incoming cancellation signals, the first filtered signal, and the 
received signal to cancel unwanted coupling in the received signal. 
[018] In one embodiment, the first filter comprises a digital filter configured to generate 

20 a feedback signal that reduces intersymbol interference. In one embodiment the decision 
device quantizes the decision device input signal to any one o f t en v alues b ased o n a 
comparison to predetermined thresholds. It is further contemplated that the one or more 
second filters comprise digital filters having two or more coefficients and the one or more 
second filters and the first filter are configured to cancel coupling and reduce intersymbol 

25 interference. The receiver may further comprise a third filter comprising a feed forward 
filter that is configured to process the received signal to reduce intersymbol interference. 

Also disclosed is a method for reducing interference in a multi-channel 
communication system having two or more receivers and two or more channels. In one 
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embodiment the method comprises receiving a first signal on a first channel with a first 
receiver and a second signal on a second channel with a second receiver and then 
combining a feedback signal with the first received signal to create a first combined 
signal. Next, processing the first combined signal to reduce intersymbol interference in 
5 the first combined signal to create a processed signal wherein the interference was 
created by passage of the first signal through the first channel. Next, the method 
combines the processed signal with at least a first cancellation signal received from at 
least the second receiver to create a feedback signal. Thereafter, the method combines 
the feedback signal with the first combined signal to create a second combined signal and 
10 then processes the second combined signal to generate at least a second cancellation 
signal. 

[020] In one embodiment the step of combining a feedback signal with the first received 
signal cancels FEXT coupling in the first received signal. In one embodiment, the step 
of processing the first combined signal comprises performing decision feedback 

15 equalization on the signal to generate a signal that reduces intersymbol interference. 
Processing the second combined signal to generate at least a second cancellation signal 
may comprise filtering the second combined to isolate ELFEXT coupling. In one 
configuration, the second receiver is configured similarly to the first receiver and the 
second receiver generates the first cancellation signal and receives the second 

20 cancellation signal from the first receiver. In addition, the method may further comprise 
delaying the first cancellation signal to achieve proper timing. 

[021] A receiver configuration is also disclosed for FEXT cancellation in a multi- 
channel communication system comprising a feedback loop that comprises a first device 
configured to combine a received signal with a feedback signal and one or more 
25 incoming cancellation signals to create a combined signal. Part of this embodiment is 
also a decision device configured to process the combined signal to generate a decision 
output and a first filter. The first filter is configured to generate the feedback signal 
based on the decision output and the one or more incoming cancellation signals or a 
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delayed version of the one or more incoming cancellation signals, wherein the o ne o r 
more incoming cancellation signals are received from one or more other receivers in the 
multi-channel communication system. Also part of this embodiment is one or more 
second filters configured to receive at least the decision output and generate one or more 
5 outgoing cancellation signals that are then routed to other receivers in the multi-channel 
communication system. 

[022] In one embodiment, the first device comprises a subtractor or summing junction, 
the first type filter is configured to account for the effects of the channel, and the one or 
more second type filters are configured to account for coupling. In one embodiment 

10 FEXT cancellation is performed by the first filter and an incoming cancellation signal In 
one embodiment, the receiver further comprises a feed-forward filter configured to 
process the received signal prior to the received signal arriving at the feedback loop. In 
one configuration, the receiver is associated with each channel in a four-channel 
communication system and each receiver receives an incoming cancellation signal from 

1 5 each of the other receivers. 

[023] Also disclosed herein is a method for canceling coupling in a multi-channel 
communication system having two or more receivers comprising the steps of receiving a 
signal over a channel and also receiving at least one cancellation signal from at least one 
of the other receivers in the multi-channel communication system. The method then 

20 processes the signal to account for the effect of the signal passing through the channel 
thereby generating a processed signal and combining the processed signal and the one or 
more cancellation signals from the other receivers to generate a feedback signal. 
Thereafter, combining the feedback signal with the received signal to cancel coupling in 
the received signal and then generating one or more outgoing cancellation signals. The 

25 method then provides at least one outgoing cancellation signal to at least one of the other 
receivers in the multi-channel communication system. 

[024] This method may also include generating one or more outgoing cancellation 
signals by generating one or more cancellation signals with a filter configured to isolate 



9 



I 



PATENT 

W&M Matter No: SLFRLF.0004P 

the ELFEXT coupling. In one embodiment, the method further comprises combining the 
feedback signal with the one or more cancellation signals from the other receivers prior to 
combining the feedback signal with the received signal to reduce noise in the received 
signal. The processing may further comprise quantizing the combination of the received 
5 signal and the one or more cancellation signals to one of one or more discrete levels prior 
to processing. 

[025] Also disclosed herein is a method and apparatus to perform processing at the 
transmitter to thereby pre-cancel or precode unwanted coupling that will couple onto the 
transmitted signal during passage of the signal through the channel. In one embodiment a 

10 transmit system is configured as part of a first station such that the first station has two or 
more transmitters each of which are associated with a channel. The transmitters are 
configured as part of a multi-channel communication system that is configured to modify 
a data signal prior to transmission by the transmitter from the first station to a second 
station to reduce the effects of coupling on the data signal. In one embodiment at least 

15 one of the transmitters in the transmit system comprises an input configured to receive a 
data signal, the data signal to be transmitted over a first channel after processing by the 
transmitter. Also part of this system is one or more filters configured to generate one or 
more outgoing cancellation signals, the one or more outgoing cancellation signals to be 
provided to one or more other transmitters in the transmit system to cancel, prior to 

20 transmission of the data signal, FEXT c oupling f rom t he first c hannel t o o ne o r m ore 
other channels. A device is also provided as part of this embodiment that is configured to 
combine one or more incoming cancellation signals from the one or more other 
transmitters within the transmit system with the signal so that the one or more incoming 
cancellation signals arriving from the one or more other transmitters in the multi-channel 

25 communication system are configured to cancel, prior to transmission of the data signal, 
FEXT coupling, that will couple, from the one or more other channels to the first channel. 
[026] In one embodiment, the device comprises a subtracter configured to subtract the 
one or more incoming cancellation signals from the data signal. In one embodiment, the 
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one or more filters comprise digital precode FEXT filters. For example in one 
embodiment the digital precode FEXT filter is associated with each of the other 
transmitters in the transmit system and each digital precode FEXT filter is configured to 
generate an incoming cancellation signal. It is also contemplated that the transmitter may 
5 further comprise a transmit precode filter in addition to the one or more filters configured 
to generate one or more outgoing cancellation signals. 

[027] Also disclosed is a coupling precode filter system configured to modify two or 
more signals in a multi-transmitter, multi-channel transmit system to cancel, prior to 
transmission, FEXT coupling that may occur during transmission of the two or more 

10 signals through the two or more channels. In one embodiment, this system comprises a 
first input configured to receive a first signal and a second input configured to receive a 
second signal. A first filter is also provided and is configured to process the first signal to 
generate a first cancellation signal so that the first cancellation signal cancels at least a 
portion of the coupling that will couple from the first signal onto the second signal during 

15 transmission. A second filter is also provided and is configured to process the second 
signal to generate a second cancellation signal so that the second cancellation signal 
cancels at least a portion of the coupling that will couple from the second signal onto the 
first signal during transmission. Also part of this system is a first device, configured to 
combine the second cancellation signal with the first signal prior to transmission of the 

20 first signal, and a second device configured to combine the first cancellation signal with 
the second signal prior to transmission of the second signal. 

[028] In one variation of this embodiment the first filter and second filter are configured 
as non-causal filters. In one embodiment the first filter is located in a first transmitter and 
the second filter is located in a second transmitter and each of the first transmitter and the 
25 second transmitter further comprise a transmit precode filter. It is contemplated that the 
coupling precode filter system may be configured to operate in a four-channel 
environment and thereby further comprises a third filter and a fourth filter. 
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[029] Also disclosed herein is a method, for use in a multi-channel communication 
system having two or more transmitters, for FEXT cancellation of coupling from a first 
signal transmitted on a first channel to a second signal transmitted on a second channel. 
Such a method may comprise receiving a first signal at a first transmitter and then 
5 performing first processing on the first signal to create a first processed signal. The 
method also routes the first processed signal to one or more first transmitter cancellation 
filters and performs second processing on the first processed signal with the one or more 
first transmitter cancellation filters to create a cancellation signal. Thereafter, routing the 
cancellation signal to a second transmitter and combining, prior to transmission, the 
10 cancellation signal with a second signal being processed by a second transmitter to 
reduce the effects of coupling of the first signal onto the second signal during 
transmission. 

[030] In this configuration, the precode FEXT filter is configured as a non-causal filter. 
In addition, the multi-channel communication system may comprise at least one station 

15 having four transmitters, each of which is associated with a channel. Moreover, the 
method may further comprise receiving a second cancellation signal at the first 
transmitter and combining the second cancellation signal with the first processed signal to 
reduce the effects of coupling from the second signal onto the first processed signal 
during transmission. For example, the combining may comprise subtracting the 

20 cancellation signal from the second signal. 

[031] Also disclosed is a method of FEXT cancellation in a four-channel 
communication system, wherein a transmitter is associated with each of the first channel, 
second channel, third channel, and fourth channel. In one embodiment the method may 
comprise receiving a first signal, second signal, third signal, and fourth signal at each of a 

25 first transmitter, second transmitter, third transmitter, and fourth transmitter respectively 
and processing the first signal to generate a second transmitter cancellation signal, a third 
transmitter cancellation signal, and a fourth transmitter cancellation signal. The method 
also comprises routing the second transmitter cancellation signal, the third transmitter 
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cancellation signal, and a fourth transmitter cancellation signal to the second transmitter, 
third transmitter, and fourth transmitter respectively and then combining the second 
transmitter cancellation signal, the third transmitter cancellation signal, and the fourth 
transmitter cancellation signal with the second signal, third signal, and fourth signal 
5 respectively. The step of combining cancels the effects of FEXT coupling onto the 
second channel, third channel, and fourth channel that will occur during transmission of a 
signal on the first channel. 

[032] In one embodiment of this method the step of processing the first signal 
comprises routing the first signal to a first precode FEXT filter, a second precode FEXT 

10 filter, and third precode FEXT filter and then processing the first signal in each of the 
precode FEXT filters to create the second transmitter cancellation signal, the third 
transmitter cancellation signal, and the fourth transmitter cancellation signal. This 
method may further comprise receiving at the first transmitter one or more incoming 
cancellations signals from each of the second, third and fourth transmitters in the four 

15 channel communication system and then combining the one or more incoming 
cancellations signals from each of the other transmitters with the first signal to cancel the 
effects of FEXT coupling on the first signal. In one variation the method further 
comprises performing transmit precode filtering on the first signal and the processing is 
performed by one or more digital filters. It is contemplated that the transfer function of 

20 the one or more digital filters may be selected to cancel ELFEXT. 

[033] Other systems, methods, features and advantages of the invention will be or will 
become apparent to one with skill in the art upon examination of the following figures 
and detailed description. It is intended that all such additional systems, methods, features 
and advantages be included within this description, be within the scope of the invention, 

25 and be protected by the accompanying claims. 
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Brief Description of the Drawings 

[034] The components in the figures are not necessarily to scale, emphasis instead being 
placed upon illustrating the principles of the invention. In the figures, like reference 
5 numerals designate corresponding parts throughout the different views. 

[035] Figure 1 illustrates a block diagram of an example embodiment of a two station 
communication system. 

[036] Figure 2 illustrates a block diagram of a receiver/transmitter pair. 

[037] Figure 3 illustrates a block diagram of an example embodiment of a multi-channel 
1 0 point-to-point communication system. 

[038] Figure 4 illustrates a block diagram of an example embodiment of a transmitter. 

[039] Figure 5 illustrates a block diagram of a FEXT model wherein FEXT that couples 

from a disturber channel onto a victim channel passes through the victim channel. 

[040] Figure 6 illustrates a block diagram of an 1 example embodiment of a receiver 
15 configured based on the invention described herein. 

[041] Figure 7 illustrates a block diagram of a FEXT model wherein FEXT that couples 

from a disturber channel onto a victim channel passes through the disturber channel prior to 

coupling. 

[042] Figure 8 illustrates a block diagram of an alternative embodiment of a receiver 
20 configured according to the present invention. 

[043] Figure 9 illustrates a block diagram of an example embodiment of a receiver 
configured in a multi-channel configuration. 

[044] Figures 1 OA- 10C illustrate a block diagram of an example embodiment of a 
transmitter configured in a multi-channel configuration. 
25 [045] Figures 11A-11C illustrate a block diagram of an alternative example 
embodiment of a transmitter configured in a multi-channel configuration. 
[046] Figures 12A and 12B illustrate an operational flow diagram of a general example 
method of coupling cancellation. 
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[047] Figure 13 illustrates an operational flow diagram of particular example method of 
coupling cancellation. 
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Detailed Description 

[048] In reference to Figure 2, a block diagram of a receiver/transmitter pair is shown. 
A channel 2 12 connects a first transceiver 2 30 to a second transceiver 2 34. T he first 
transceiver 230 connects to the channel 212 via an interface 244. The interface 244 is 
5 configured to isolate the incoming and outgoing signals. The channel 212 may comprise 
more than one conductor, and hence the i nterface 2 44 m ay p erform i solation f or e ach 
channel based on direction of data flow. The receive module 238 and transmit module 
242 may comprise any assembly of hardware, software, or both configured to operate in 
accordance with the principles described herein. 

10 [049] The receive module 238 and transmit module 242 communicate with a processor 
246. The processor 246 may include or communicate with a memory 250. The processor 
operates as described below in more detail and as would be understood by one of 
ordinary skill in the art. The memory 250 may comprise one or more of the following 
types of memory: RAM, ROM, hard disk drive, flash memory, or EPROM. The 

15 processor 246 may be configured to perform one or more calculations or signal analysis. 
In one embodiment, the processor 246 is configured to execute machine readable code 
stored on the memory 250. The processor 246 may perform additional signal processing 
tasks as described below. 

[050] The second transceiver 234 is configured similarly to the first transceiver 230. 
20 The second transceiver 234 comprises an interface 252 connected to a receiver module 
256 and a transmitter module 260. The receiver module 256 and a transmitter module 
260 communicate with a processor 264, which in turn connects to a memory 268. 
Operation occurs as described below in more detail. 

[051] Figure 3 illustrates a block diagram of an exemplary multi-channel point-to-point 
25 communication system. One exemplary application of such a multi-channel 
communication system is a multi-gigabit transceiver utilizing any category or class of 
unshielded twisted pair (UTP) cable supporting Ethernet protocols. As shown, it includes 
a physical coding sublayer (PCS) 302, 304 shown as coupled together over a channel 
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312. In one embodiment, each channel comprises twisted pair conductors. Each of the 
channels 312 is coupled between transceiver blocks 320 through a line interface 306, and 
each channel is configured to communicate information between transmitter/receiver 
circuits (transceivers) and the physical coding sublayer (PCS) blocks 302, 304. Although 
5 shown with four channels for purposes of discussion, any number of channels and 
associated circuitry may be provided. In one embodiment, the transceivers 320 are 
capable of full-duplex bi-directional operation. In one embodiment, the transceivers 320 
operate at an effective rate of about 2.5 Gigabits per second. 

[052] Figure 4 illustrates a block diagram of an example embodiment of a transmitter. 

10 This i s b ut o ne e xemplary e mbodiment o f a t ransmitter. 1 1 i s c ontemplated t hat o ther 
configurations may be embodied by one of ordinary skill in the art. In the exemplary 
configuration of Figure 4, a data source 400 connects to a mapping module 404, which in 
turn connects to a transmit precode filter 408. It is contemplated that the transmit 
precode filter 408 does not deal with FEXT cancellation. FEXT cancellation using a 

15 FEXT precode filter (not shown in Figure 4) that is in addition to or supplemental to the 
transmit precode filter 408 is discussed below in more detail. 

[053] The data source 400 may comprise any source of data to be transmitted over a 
channel. In one embodiment, the data source 400 comprises a processing or networking 
layer of a communication protocol. In one embodiment, the data source 400 comprises a 

20 network processing device, for example, a media access controller (MAC). In one 
embodiment, the data arrives from application software executing on a computer. 
[054] The mapping module 404 comprises hardware, software, or a combination of both 
configured t o t ransform t he r eceived b inary d ata i nto o ne o r m ore s ymbols c apable o f 
representing one or more bits of binary data. One example mapping that may occur is 

25 pulse amplitude modulation (PAM), wherein several bits of binary data are mapped into a 
single symbol. Another example mapping comprises quadrature amplitude modulation 
(QAM). Any type mapping may be utilized. Through mapping, transmission of a single 
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symbol achieves transmission of several bits of information thereby increasing data 
transfer rates. 

[055] In addition to mapping, the mapping module 404 may incorporate forward error 
correction (FEC) coding. Examples of FEC coding comprise convolutional coding and 

5 trellis coding. It is contemplated that the method and apparatus described herein may be 
utilized with any form of error correction, or without error correction. 
[056] The transmit precode filter 408, which is discussed below in greater detail, 
connects to the output of the mapping module 404 and comprises a signal modification 
device configured to manipulate the signal to counter the distorting effects of the channel. 

10 The transmit precode filter 408 may be configured as a digital filter having coefficient 
values set to achieve a desired level of signal modification. In one embodiment, the 
transmit precode filter 408 comprises a finite impulse response filter adapted to at least 
partially negate the distorting effects of a channel. 

[057] The output of the transmit precode filter 408 connects to a digital to analog (D/A) 
15 converter 412 to transform the mapped signal to an analog format suitable for 
transmission through a channel. Thereafter, the signal is provided to a line 
driver/amplifier 416. The line driver/amplifier 416 manipulates the signal to a power 
level suitable for transmission over the channel. The degree or level of amplification 
may be dependant upon the power limits or specification as defined by a particular 
20 communication protocol, crosstalk and coupling concerns, and the distance to a receiver 
or a repeater. The output of the line driver/amplifier 416 connects to a 
transformer/hybrid 420. The transformer/hybrid 420 provides isolation between transmit 
and receive signals as well as the channel itself. The output of the transformer/hybrid 420 
connects to a channel. 

25 [058] Prior to discussion of further embodiments, additional discussion of far end 
crosstalk (FEXT) is warranted. In general, FEXT is defined as far end cross talk, and as 
such it is composed of, i.e., is the convolution of, the channel response and the ELFEXT 
response. ELFEXT comprises the equivalent coupling at the far end of the channel 
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measured with respect to an attenuated transmit signal. It is contemplated that the 
channel response can be that of the disturber channel or the victim channel. Removing 
FEXT is made difficult because FEXT is dependant on the length of the channel and 
since the FEXT signal may couple at the far end of the channel, the near end of the 
5 channel or anywhere in between. As a result, the FEXT is also subject to ISI and 
attenuation as it passes through the victim channel. Considering FEXT as ELFEXT takes 
into consideration the effects of the channel, including the length and effects of the 
channel. Prior art solutions did not adequately address such aspects. Through 
consideration of this and other aspects, a more complete coupling cancellation system 

10 and method may be realized. 

[059] Figure 5 illustrates a block diagram of an equivalent model of coupling occurring 
prior to passage of the coupling through the channel. This is but one possible system 
model. It is contemplated that other system model configurations may be utilized without 
departing from the scope of the invention. As shown, a channel A transmitter 504 

15 connects to a channel A 508 having a transfer function or impulse response shown by 
Qa(z) in block 512. Channel A 508 connects to a channel B receiver 516. 
[060] Similarly, a channel B transmitter 524 connects to a channel B 528 having a 
transfer function shown by Qb(z) in block 532. Channel B 528 connects to a channel B 
receiver 536. Also included in Figure 5 is the coupling effect between channels shown 

20 within dashed line 540. The signal on channel B 528 couples into channel A 508. The 
transfer function of the coupling is defined by block 544 as B A (z). Likewise, block 548 
defines the coupling from channel A into channel B as A B (z). 

[061] As can be seen, the coupling in this example embodiment is shown as occurring 
before the effects of the channel 512, 532. Thus, the FEXT s ignal t hat c ouples from 
25 channel A to channel B is considered to be affected by the transfer function of the 
channel Qb(z) as it passes through channel B. Thus, the transfer function for the FEXT 
coupling from channel A to channel B can be described as the ELFEXT component A B (z) 
convolved with the transfer function of channel B Qb(z). 
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[062] Figure 6 illustrates a block diagram of an example embodiment of a FEXT 
cancellation system based on a model of FEXT coupling prior to passage through the 
victim channel as shown in Figure 5. In general, the system of Figure 6 operates to 
cancel FEXT on a victim channel utilizing the signals received on the other channels. As 
5 an advantage of the embodiment shown in Figure 6, the processing benefits gained by a 
receiver's other filters, such as for example, the FFE and DFE filters, are utilized when 
generating the FEXT cancellation signal. As a result, the complexity of the apparatus 
that generates the FEXT cancellation signal may be made less complex since part of the 
processing burden is performed by other filter apparatus. 

10 [063] Turning now to Figure 6, a channel A 604 connects to a feed forward filter (FFE) 
608 having transfer function F A (z). In one embodiment, the FFE 608 is configured to 
reduce intersymbol interference. It is contemplated that one of ordinary skill in the art is 
capable of FFE 608 construction and is familiar with basic FFE operation. Accordingly, 
the basic principles of FFE operation are not discussed in detail herein beyond that 

15 associated with the new and distinctive features of the invention. It is further 
contemplated that filter or equalizer structures other than an FFE 608 may be utilized 
without departing from the scope of the invention. 

[064] The output of the FFE 608 connects to a sub tractor 612, and the output of the 
subtracter connects to a decision device 616. The decision device 616 is a device that 

20 quanitizes an input to one of two or more possible values based on analysis of the input to 
one or more threshold values. In one embodiment, the decision device 616 operates in 
conjunction with PAM10 mapping to quantize the input s(n) to one of ten values. In one 
embodiment, the decision device 616 analyzes the received signal's voltage level, after 
processing, to determine the symbol sent over the channel. The output of the decision 

25 device 616 may comprise any number of discrete levels. As shown, the output of the 
decision device 616 is fed back into an adder 620 and into an ELFEXT filter 632. The 
output of the adder 620 is provided to a feedback filter 636 (DFE) having a transfer 
function of Qa(z) - 1. It is contemplated that one of ordinary skill in the art is capable of 
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DFE 636 construction and is familiar with basic DFE operation. Accordingly, the basic 
principles of DFE operation are not discussed in detail herein beyond that associated with 
the new and distinctive features of the invention. It is further contemplated that filter or 
equalizer structures other than an FFE 608 or DFE 636 may be utilized without departing 
5 from the scope of the invention. Although not shown, it is also contemplated that one or 
more delays may be utilized as necessary and as would be understood by one of ordinary 
skill in the art. 

[065] The terms adder, subtracter, summing junction or the like should be interpreted 
broadly to mean any device configured to combine signals. As can be appreciated by one 

10 of ordinary skill in the art, subtraction is the equivalent of adding a negative value. 

[066] The FFE 608 and the DFE 636 perform equalization on the received signal to 
compensate for the distorting effects of the channel. The DFE 636, as part of the 
feedback, receives and weights past values, which are subsequently added in the 
summing junction 640, then subtracted in element 612. It is contemplated that the FFE 

15 608 and DFE 636 may possess coefficients, or other scaling values, associated with one 
or more taps or stages of the FFE and the DFE. The coefficient values are selected to 
achieve desired signal equalization to thereby negate, reverse, or reduce the effects of the 
channel. In one embodiment, the FFE 608 and DFE 636 coefficient values are selected 
based on the principles described herein. In one embodiment, the coefficient values are 

20 arrived at using a least mean squared algorithm. In one embodiment, the coefficient 
values of the FFE 608 and DFE 636 are calculated and selected to counter the signal 
distorting effects of the channel while minimizing noise amplification and minimizing the 
undesirable effects of error propagation through the DFE feedback loop. 
[067] The ELFEXT filter 632 comprises a filter configured to estimate the ELFEXT 

25 transfer function to thereby account for the ELFEXT. Stated another way, the ELFEXT 
filter 632 has a transfer function Ab(z) that mirrors the transfer function of the coupling 
from one channel to another. The ELFEXT filter 632 may comprise any processing 
system or device configured to generate a cancellation signal. In this embodiment and as 
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suggested by the model in Figure 5, the coupling function of the ELFEXT filter is prior to 
passage of the coupling through the channel 

[068] The output of the adder 620 is provided to a feedback filter 636 shown as having a 
transfer function of Q A (z)-l. In one embodiment, the feedback filter 636 is configured to 

5 be an estimate of the transfer function of the channel. The feedback filter output is 
provided to an adder 640 which combines the feedback filter output with a cancellation 
signal from one or more other channels. In this embodiment, the cancellation signal is 
received from a channel B cancellation system, which is discussed below in more detail. 
The output of the adder 640. is provided to subtractor 612, where the cancellation signal is 

10 subtracted from the received signal Since the cancellation signal is subtracted prior to 
the decision device 616, the decision by the decision device has a higher likelihood of 
being correct. This improves system performance and accuracy. 

[069] The apparatus of channel B is now discussed. Channel B 650 connects to a feed 
forward filter 654, the output of which connects to a subtractor 658. The output of the 

15 subtractor 658 feeds into a decision device 662. The decision device has an output that 
feeds into an adder 666 and an ELFEXT filter 670. The ELFEXT filter 670 has a transfer 
function B A (z) and an output that connects to the adder 640, which is discussed above, 
and into a delay 674. The summing junction 666 also receives an input from a delay 678. 
The delay 678 receives an input from the ELFEXT filter 632. The delays 674, 678 

20 account for propagation delay differences in Qa(z) and Qb(z) and/or to account for 
processing delay. 

[070] The output of summing junction 666 connects to a feedback filter 680 which has a 
transfer function defined as Q B (z)-l. The output of the feedback filter 680 is provided to 
an adder 684, which also receives as an input the output of the ELFEXT filter 632. The 
25 adder 684 produces the cancellation signal which is subtracted from the signal received 
on channel B in subtractor 658. 

[071] The following discussion details operation of the cancellation of the signal 
received on a victim channel, in this example discussion channel A, from a disturber 
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channel, in this example discussion channel B. It is contemplated that the principles 
shown and discussed herein may be extended to any number of channels. The system 
shown in Figure 6 receives a signal on channel A 604 and on channel B 650. Both 
signals are processed in a generally similar manner by the FFE 608, 654, the decision 
5 device 616, 662, and the feedback filter 636, 680. Of importance, the output of decision 
device 662 is provided to the ELFEXT filter 670 for processing. The output of decision 
device 662 is assumed to be an accurate decision of the actual signal sent from 
transmitter B. The ELFEXT filter 670 is configured or trained to have a transfer 
function B A (z) representing the coupling from channel B to channel A, but it does not 

10 represent the effect or transfer function of channel A. The output of the ELFEXT filter is 
provided to the adder 640, wherein it is added with the output of the feedback filter 636. 
As stated above, the feedback filter is configured or trained to have a transfer function of 
that of the channel with which it is associated. As can be seen visually in Figure 6, the 
cascading of the ELFEXT filter output and the feedback filter output results in a 

15 cancellation signal that accounts for the FEXT coupling onto channel A from channel B 
and for the passage of this FEXT coupling through channel A. The delays are provided 
to account for different propagation delay characteristics in Qa(z) and Q B (z ) or a signal 
processing path associated therewith. 

[072] As an advantage to this embodiment, the processing complexity of this operation 
20 is distributed between the filters 636, 670 for channel A and filters 680, 632 for channel 
B. As a result, the complexity of each filter is reduced. Furthermore, the feedback filter 
is already a component in many signal processing systems, and by utilizing its already 
available output, the process of FEXT cancellation may be realized with minimal 
additional processing requirements. If a single filter is tasked with generating the FEXT 
25 cancellation signal, such a single filter would be undesirably complex. 

[073] Figure 7 illustrates a block diagram of an equivalent model of FEXT coupling 
occurring after passage of the disturber signal through the disturber channel. As shown, a 
channel A transmitter 704 connects to a channel A 708 having a transfer function or 
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impulse response shown by Qa(z) in block 712. Channel A 708 connects to a channel A 
receiver 716. 

[074] Similarly, a channel B transmitter 724 connects to a channel B 728 having a 
transfer function or impulse response shown by Qb(z) in block 732. Channel B 728 
5 connects to a channel B receiver 736. Also included in Figure 7 is the coupling effect 
between channels shown within dashed line 740. The signal on channel B 728 couples 
into channel A 708. The impulse response or transfer function of the coupling is defined 
by block 744 as B A (z). Likewise, block 748 defines the coupling from channel A into 
channel B as A B (z). 

10 [075] As can be seen, the coupling in this example embodiment is shown as occurring 
after the effects of the channel 708, 728. Thus, the FEXT signal that couples from 
channel A to channel B is considered to be affected by the transfer function of the 
channel Qa(z) as it passes through channel A. Thus, the transfer function for the FEXT 
coupling from channel A to channel B can be described as the transfer function of the 

15 ELFEXT A B (z) convolved with the transfer function of channel B Qa(z). This is in 
contrast to the model shown in Figure 5, wherein the ELFEXT coupling from channel A 
onto channel B is subject to the distorting effects of passage through channel B instead of 
channel A. 

[076] Figure 8 illustrates a block diagram of an example embodiment of a FEXT 
20 cancellation system based on a model of FEXT coupling after passage through the 
disturber channel. In general, this block diagram is based on the model of Figure 7, and 
as such, it is configured to cancel FEXT coupling from a disturber channel to a victim 
channel with the assumption that the coupling signal first passes through disturber 
channel prior to coupling onto the victim channel. 
25 [077] As shown in Figure 8, a channel A 804 connects to a feed forward filter 808, the 
output of which connects to a subtractor 812. A decision device 816, such as a slicer, 
receives the output of the subtractor 812 and provides its output to a feedback filter 820 
and an adder 824. The adder 824 also receives an input of the feedback filter 820 output. 
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The output of the adder 824 is provided to an ELFEXT filter 828 having a transfer 
function of Ab(z). T he ELFEXT filter 828 is configured or trained to have a transfer 
function A B (z) based on the ELFEXT that couples from channel A to channel B. 
Accordingly, the output of the ELFEXT filter 828 is a cancellation signal that is provided 
5 to channel B cancellation system which is now described. 

[078] Channel B connects to a FFE 8 58, w hich i n t urn c onnects to a subtractor 862. 
The output of the subtractor 862 feeds into a decision device 864, which has an output 
that connects to both of a feedback filter 866 and an adder 870. The adder 8 70 also 
receives as an input the output from the feedback filter 866, as does an adder 874. The 

10 output of the adder 870 feeds into an ELFEXT filter 880 having a transfer function 
defined as B A (z). The output of this ELFEXT filter 880 is connected to an adder 832 that 
is associated with channel A. In turn, the output of adder 832 connects to subtractor 812. 
Similarly, the output of ELFEXT filter 828 is connected to adder 874, which in turn 
connects to subtractor 862. 

15 [079] In operation, it is contemplated that the signal received over channel A, the victim 
channel in this example discussion, may contain FEXT coupling from the disturber 
channel, in this example, channel B. To cancel this FEXT coupling and thereby improve 
the accuracy of the decision device 816, the signal is received on channel B 854 and 
processed by the FFE 858 and the feedback filter 866 to create the signal at conductor 

20 890. Thereafter, this signal is added to the accurate decision from the decision device 
864 by the adder 870 to create the input to the ELFEXT filter 880. To this point, the 
processing that has occurred on the signal received over channel B 854 accounts for the 
effects of channel B. To account for the effects of the ELFEXT, i.e., the amount of 
coupling and not the effects of the channel, the ELFEXT filter 880 is configured or 

25 trained to have a transfer function that will create a signal that approximates the amount 
of coupling from channel B to channel A. The output of the ELFEXT filter 880 thus 
comprises the cancellation signal that is provided to the channel A receiver via the adder 
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832, then to the subtractor 812 to be removed from the received signal. In this manner, 
FEXT coupling may be removed. 

[080] As stated above in conjunction with Figure 6, as an advantage to this 
embodiment, the processing complexity of this operation for FEXT reduction in the 
5 victim channel is distributed between the filters 866, 880. As a result, the total 
complexity is reduced. Furthermore, the feedback filter 866 is already a component in 
many signal processing systems, and by utilizing its already available output, the process 
of FEXT cancellation may be realized with minimal additional processing requirements, 
namely filter 880. If a separate single filter is tasked with generating the FEXT 

10 cancellation signal, then such a single filter would be undesirably complex. 

[081] It should be noted that the principle described above in conjunction with Figures 
5-8 may be extended to more than two channels. Figure 9 illustrates a block diagram of 
an example embodiment of the receiver shown in Figure 8 in a multi-channel 
configuration, such as channel A t hrough c hannel M , where the variable M comprises 

15 any positive integer. As compared to channel A shown in Figure 8, similar elements are 
labeled with similar reference numerals. As shown, input channels 804A-804M, where 
M is any positive integer, are received over a multi-conductor communication system 
having M number of channels. In one embodiment, there are more conductors than 
channels. The channels may comprise any medium capable of carrying a signal or data, 

20 such as b ut n ot 1 imited t o, a ny c ategory ore lass o f c opper c abling, w ireless c hannels, 
fiber optic channels or cables, free-space optic channels, twisted pair conductors or any 
other conductive path, coaxial cables or other channels that are currently or that may 
become available in the future. Although shown with four channels, i.e., where M equals 
four, it is contemplated that the principles described herein may be expanded to any 

25 number of channels or conductors. 

[082] Operation of elements 808, 816, and 820 occur as described above in conjunction 
with Figure 8 . A dditional filters 8 28 are included as shown to account for the multi- 
channel configuration. Although not shown with connecting lines, the output o f e ach 
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filter 828 is routed as an input to an adder junction 832. For example, the output of filter 
828AB comprises a cancellation signal A'b that comprises a cancellation signal from 
disturber channel A that is provided to victim channel B, Accordingly, adder 832B 
receives the cancellation signal A' B via input 900B and utilizes the cancellation signal 
5 A'b to remove FEXT that has coupled from channel A onto Channel B. This process 
occurs for each of the filters 828 and channels as shown. 

[083] It is contemplated that the filter coefficients in any of the filters discussed in 
Figures 5-9 and in particular, the coefficients of ELFEXT filter 828 in Figure 9, may be 
established in any manner known in the art. Thus, the coefficients may be established 

10 during an initial training period or set at a default value during manufacture. In one 
embodiment, the least mean square algorithm is utilized to train or adapt the ELFEXT 
filters. It is further contemplated that the filter coefficients may be updated during 
system operation to thereby adapt to changing channel or environmental conditions. In 
one embodiment, training of the ELFEXT filter occurs while the filter is separate from 

15 the channel, such as when the channel is not transmitting data and the effects of ELFEXT 
may be isolated. 

[084] In some instances, the signals required to generate the FEXT cancellation signal 
do not arrive at a receiver concurrent with or prior to the arrival of the FEXT signals that 
are coupled onto the victim signal. For example, the signals that are required to generate 

20 the FEXT cancellation signal are the signals that are transmitted on the disturber 
channels, i.e., the signals on channels other than the victim channel. Hence, if a signal on 
a disturber channel has not arrived at its associated receiver, then that signal is not 
available for processing to generate a cancellation signal. This is particularly troubling 
when the signal coupling from the disturber channel onto the victim channel has already 

25 arrived at the receiver associated with the victim channel. Such differences in arrival 
times may occur because FEXT coupling may propagate through the victim channel more 
quickly than it propagates through the disturber channel. In addition, some channels in 
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a multi-channel communication system are different lengths, thereby causing the signals 
to arrive at different times relative to a common transmit time. 

[085] As a result, some FEXT coupling may be present as a component of the signal on 
the victim channel even though the signal that generated the coupling, i.e., the signal on 
5 the disturber channel, has not yet arrived at the receiver associated with the disturber 
channel. This portion of the FEXT coupling may be referred to as the non-causal portion 
of the FEXT. In contrast, the causal portion of the FEXT may be defined as the FEXT 
components that arrive with or after the arrival of the signal that generated the FEXT on 
the disturber channel. 

10 [086] Failure to account for the different arrival rate of FEXT components, i.e., the non- 
causal FEXT components, may hinder operation of the FEXT cancellation system. This 
is especially true as data communication rates increase, since timing becomes more 
critical and each processing step should be completed within constrained time limits. In 
one embodiment, the method and apparatus disclosed herein overcomes this challenge 

15 associated with FEXT cancellation by incorporating FEXT cancellation operations in the 
transmitter side of the communication system. 

[087] While it i s c ontemplated t hat n umerous filtering o r F EXT c ancellation s ystems 
may be incorporated into the transmitter, in one embodiment a FEXT precode filter is 
tailored to perform FEXT cancellation in the transmitter. This operation may also be 
20 referred to as pre- transmission FEXT cancellation. The term precode filter as used herein 
is defined to mean a filter located in the transmitter. In addition, the concept of FEXT 
precoding occurs in addition to a possible transmit precode filter that is identified as 
element 408 in Figure 4. 

[088] In general, one or more FEXT precode filters may be located in one or more of 
25 the transmitters in a multi-channel communication system and may be trained to have a 
transfer function that will modify a signal to thereby counter, in advance of transmission, 
FEXT coupling that will occur on the signal passing through the victim channel or that 
will c ouple t o other channels. Use of a FEXT precode filter allows the transmitter to 
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counter a portion or all of the FEXT coupling prior to transmission. In one embodiment, 
the non-causal aspects of the FEXT coupling, that is, the FEXT coupling that arrives on 
the victim channel after the arrival of that portion of the signal that generated the 
coupling, is pre-cancelled in the transmitter. 
5 [089] In one embodiment, precode FEXT cancellation comprises measuring the FEXT 
response for a channel at the receiver and dividing by the impulse response of the line to 
obtain the FEXT precode filter coefficients. In another embodiment, the FEXT precode 
filter is trained using reference based training. In yet another embodiment, the filter 
coefficients are derived by training the filters associated with only one channel at a time. 

10 [090] In one embodiment, all or a portion of the FEXT cancellation is performed by a 
FEXT precode filter such that the FEXT precode filter isolates the FEXT transfer 
function for each of the other channels in a multi-channel communication system and 
provides its output to each of the other transmitters. The precode FEXT cancellation 
signal, which is generated by the FEXT precode filter, is combined with the signals being 

15 transmitted on the other channels prior to transmission. Alternatively, the transmitted 
signal may be modified utilizing an inline precode FEXT filter. This may occur for each 
transmitter in a multi-channel communication system. The coefficients for the FEXT 
precode filter may be established by processing that occurs in the transmitter or 
processing that occurs in the receiver. 

20 [091] Figure 10 illustrates a block diagram of an example embodiment of a transmitter 
configured with a precode FEXT filter system. This example embodiment is configured 
as a four channel communication device; however, it is contemplated that in other 
embodiments the principles may be extended to any communication system having two 
or more channels. 

25 [092] In reference to the channel A transmitter, a data source not shown provides one or 
more signals to a front-end processing module 1004A, which in this embodiment is 
configured as a mapping module with optional forward error correction. The output of 
the front-end processing module 1004A feeds into a transmit precode filter 1008 A such 
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as would be utilized to account for intersymbol interference. Any type transmit precode 
filter 1008 A may be utilized. The transmit precode filter may be considered analogous to 
the transmit precode filter as shown in Figure 4. 

[093] The output of the transmit precode filter 1008A connects to a subtractor 1012A 
5 and one or more precode FEXT filters 1030A B -1030A M . The output of precode FEXT 
filters 1030 generate FEXT cancellation signals that are routed to other transmitters at a 
station so that the generated cancellation signals may be utilized by the transmitters 
associated with the other channels to precode a portion of the FEXT out of the 
transmitted signals. For example, precode FEXT filter 1030A B generates a cancellation 

10 signal A' B that represents the FEXT cancellation signal, g enerated b y t he s ignal t o b e 
transmitted over channel A, that is provided to the channel B transmitter to precode, i.e., 
pre-cancel, FEXT coupling that will couple from channel A to channel B. The precode 
FEXT filters 1030 may comprise any type of filter capable of generating a cancellation 
signal. In one embodiment, these filters comprise digital filters. In one embodiment, the 

15 precode FEXT filters 1030 comprise an adaptive digital filter. In one embodiment, the 
precode FEXT filters 1030 comprise any type of filter capable of manipulating an input 
signal to generate a FEXT cancellation signal. The precode FEXT filters 1030 may 
comprise, but are not limited to, the following types of filters or any variation thereof: 
finite impulse response filter, infinite impulse response filter or transform domain filter. 

20 It is further contemplated that the precode FEXT filter may comprise a transposed or 
J transversal configuration, or any other configuration. 

[094] As shown in the transmitter associated with channel A, a subtractor 1012A 
receives the output from the transmit p recode filter 1 008 A and the cancellation signal 
from the precode FEXT filters associated with the other channels, namely filters 1030B A , 
25 1030C A , 1030 M A . In one embodiment, the subtractor 1012A subtracts the cancellation 
signals B' A , C' A and M' A from the channel A signal, while in another embodiment the 
subtractor 1012A adds the cancellation signals B' A , C' A and M' A to the channel A signal. 
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[095] The output of the subtractor 1012A connects to a digital to analog converter 
1016A, which in turn provides an analog output to a line driver 1 020. T he digital to 
analog converter 1016A and the line driver 1020 A operate in a manner as would be 
understood by one of ordinary skill in the art. 
5 [096] The apparatus associated with the transmitter for channel B, channel C, and 
channel M operates and comprises generally similar systems and methods of operation. 
Accordingly, similar reference numbers to those shown for channel A, modified by an 
appropriate c hannel identifier, are associated with each of the other channels' transmit 
systems. 

10 [097] In one embodiment, the precode FEXT filters 1030 located in the two or more 
transmitters operate in conjunction with the ELFEXT filters described above that are 
located in the receivers. In such an embodiment, a portion of the FEXT cancellation may 
occur in the transmitter and a portion may occur in the receiver. . In one configuration, 
one or more of the ELFEXT filter coefficients of the receiver FEXT filter are set to zero 

15 or another nominal value. It is contemplated that these coefficients comprise the 
coefficients that account for the non-causal portion of the FEXT coupling as seen by the 
receivers. In such an embodiment, it is the precode FEXT filter that cancels the FEXT 
that would otherwise be canceled by these coefficients. Hence, the precode FEXT filters 
1030 may be considered a non-causal filter. 

20 [098] Stated another way, to account for the FEXT coupling on the victim signal that 
arrives prior to the arrival, at the other receivers, of the disturber signals that generated 
the FEXT coupling, certain aspects of FEXT cancellation are transferred to the precode 
FEXT filter that may be located in a transmitter. In one embodiment, the aspects of 
FEXT cancellation that are transferred to the precode FEXT filter comprise those aspects 

25 that c ancel n on-casual F EXT. T his o ccurs b ecause n on-causal F EXT i s c onsidered to 
arrive on the victim channel prior to the arrival, at other receivers in the multi-channel 
communication system, of the signals on the disturber channels from which the FEXT 
couples. Hence, the duties performed by one or more coefficients of the ELFEXT filters 
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may be transferred to the precode FEXT filter 1030. As a result, certain coefficients of 
the FEXT filters located in the receiver may optionally be set to zero. In one 
embodiment, an identical number of coefficient values are transferred from the ELFEXT 
filter to the precode FEXT filter. Although any number of coefficients values may be set 
5 to zero, in one embodiment, 24 receiver filter coefficients are set to zero. In one 
embodiment, the number of coefficients set to zero is less than 12. In another 
embodiment, the number of coefficients set to zero is between 12 and 24. It is also 
contemplated that more than 24 of the receiver filter coefficients may be set to zero. 
[099] In an alternative preferred embodiment shown in Figure 11, the precode FEXT 

10 filters 1030 are located before the transmit precode filter 1008 as shown. This 
configuration achieves the advantage of simpler training since the standard precode filter 
is part of the FEXT channel It is contemplated that one of ordinary skill in the art may 
arrive at other configurations that do not depart from scope of the claims that follow. 
[0100] Figures 12A and 12B illustrate an operational flow diagram of an example 

15 method of operation of one embodiment of the invention. The method of operation 
shown in Figures 12A and 12B encompasses operation of a system having the precode 
FEXT cancellation and receiver FEXT cancellation capability. It is contemplated, 
however, that other embodiments may implement only one of these types of FEXT 
cancellation without departing from the scope of the invention. In reference to Figure 

20 12 A, at a step 1204, a transmitter at a first station of a multi-channel communication 
system receives a victim signal from a signal source. It is contemplated that the 
transmitter comprises a victim transmitter because it transmits a signal onto which other 
signals will couple. Similarly, for purposes of discussion, the victim signal travels 
through a victim channel and is received by a victim receiver. The term 'victim signal' is 

25 utilized to distinguish it from a 'disturber signal,' which is a signal that causes or is 
responsible for coupling onto the victim signal. A disturber channel is defined to mean 
a channel that carries a signal that couples onto the victim channel. The disturber signal 
on the disturber channel is utilized to generate FEXT cancellation signals, which are 
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subtracted from the victim signal either before transmission, after reception, or both. In 
this embodiment, signals are transmitted from a first station to a second station. 
[0101] Next or concurrently, at a step 1206, the other transmitters in the multi-transmitter 
communication system receive disturber signals that are to be transmitted from the first 
5 station to a second station. Hence, it is contemplated that multiple signals are 
simultaneously transmitted over two or more channels. 

[0102] Thereafter, at a step 1208, the victim transmitter processes the victim signal with 
one or more precode FEXT filters to generate precode FEXT cancellation signals. The 
operation and configuration of the precode FEXT filters is discussed above, and thus is 

10 not discussed again. At step 1212, the system processes the disturber signals using one or 
more precode FEXT filters to generate FEXT cancellation signals which will be provided 
to the victim channel Thus, in one embodiment, precode FEXT filters in each 
transmitter process the outgoing signals, which have not yet been transmitted, to generate 
a cancellation signal for each of the other channels. In one embodiment, a unique 

15 precode FEXT cancellation signal is generated by each precode FEXT filter for each of 
the other channels, while in another embodiment a single signal is generated by each 
transmitter for use by each channel. In one embodiment, processing by the precode 
FEXT filter comprises generating a signal that has a transfer function generally 
equivalent to the non-causal portion of the FEXT which will couple onto the other victim 

20 channels to which the particular precode FEXT filter output will be provided. Operation 
of a filter is g enerally u nderstood by one of ordinary skill in the art, and hence is not 
discussed in detail here. At a step 1216, the FEXT cancellation signals from each 
precode FEXT filter are routed to the appropriate transmitter. Reference to Figures 10 
and 1 1 may aid in understanding of the routing of FEXT cancellation signals. 

25 [0103] At a step 1220, the system subtracts, from the victim signal, the FEXT 
cancellation signals g enerated b y p rocessing t he d isturber s ignals. S imilarly, a t a s tep 
1224 the system subtracts, from the disturber signals, the FEXT cancellation signals 
generated by processing the victim signals. As a result of the subtracting the FEXT 
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cancellation signal from each of the signals on the other channels in the transmitter, the 
non-causal FEXT coupling is canceled prior to transmission. This provides the 
advantage of canceling the FEXT coupling that the FEXT filters located in the receiver 
would be unable to remove because the signal generating the coupling will have not yet 
5 arrived at the second station when the cancellation process occurs within receivers. 

[0104] Next, at step 1224, this process is repeated in the other transmitters. In particular, 
the system subtracts, from the disturber signal, the FEXT cancellation signals generated 
by processing of the victim signal. Hence, it is contemplated that all the reference 
transmitters receives one or more cancellation signals from the other transmitters in the 

10 multi-transmitter communication system. In this embodiment, each transmitter 
associated with a disturber channel provides at least one cancellation signal to the other 
transmitters of the other channels and the transmitter associated with the victim channel 
sends at least one cancellation signal to the other transmitters of the other channels. It is 
contemplated that in some embodiments, only certain transmitters may generate 

15 cancellation signals. 

[0105] At step 1232, the transmitters transmit the victim signal and the disturber signals 
from the first station to the second station of the multi-channel communication system. 
In one embodiment, four channels are utilized to transmit four signal. At step 1236, one 
or more receivers receive and process the victim signal to generate a processed victim 

20 signal. The processing may comprise any type of processing that occurs in a receiver. In 
one embodiment, the processing comprises processing to reduce or eliminate intersymbol 
interference. In general, this type of processing accounts for the effects of the channel. 
In other embodiments, resource sharing type processing may occur. As an advantage to 
the method of operation of this embodiment, the shared processing reduces the 

25 computational complexity of burden of the FEXT cancellation filtering done in the 
receiver. It is contemplated that the processing of step 1236 may occur prior to or after 
processing of the signal by an ELFEXT filtering. 



34 



PATENT 

W&M Matter No: SLFRLF.0004P 



[0106] Turning now to Figure 12B, at a step 1240, the processed disturber signal is 
provided to one or more FEXT filters that are located in the disturber receiver. This may 
be a part of a more involved processing operation, as would be understood in light of 
Figures 6 and 8. Also at a step 1244, one or more receivers receive and process the 
5 disturber signals to generate one or more processed disturber signals. 

[0107] At a step 1244, the receiver system manipulates the processed victim signal using 
one or more ELFEXT filters to generate FEXT cancellation signals. At a step 1246, the 
receiver systems manipulate the processed disturber signals using ELFEXT filter(s) to 
generate FEXT cancellation signals. At a step 1248, the FEXT cancellation signals 

10 generated from manipulating the disturber signal are distributed to the receivers 
associated with the victim channel. Next, at a step 1252, the FEXT cancellation signals 
generated from the disturber signals are subtracted from the victim signal. 
[0108] A process similar to step 1248 and 1252 occurs at steps 1256 and 1260 whereby 
the receivers of the second station distribute the FEXT cancellation signals from the 

15 victim channel to receivers associated with the disturber channel. Thereafter, at step 
1260, these signals are subtracted from the disturber signals. It is contemplated that this 
method of operation may occur continuously to cancel FEXT coupling during data 
transmission between the first station and the second station. At a step 1264, the 
operation continues in this manner to generate and output a signal having the FEXT 

20 coupling cancelled. It is contemplated that each signal can be labeled a disturber signal 
in relation to one or more of the other signals on the other channels. Hence, each channel 
suffers from coupling from the other channels, and hence it follows that both channels 
may be considered a disturber channel and a victim channel, depending on the point of 
reference. 

25 [0109] Figure 13 illustrates a more detailed operational flow diagram of an example 
method of operation of the system of Figure 6. This is but one possible example method 
of operation and, as such, it is contemplated that other methods, such as those offered in 
the other figures, may be enabled without departing from the claims that follow. In 
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addition, this example method of operation only discusses removal of coupling from a 
victim signal, but it is contemplated that this FEXT coupling removal process may occur 
within any or all of the receivers in a multi-channel communication system. At a step 
1304, the receiver receives a victim signal. It is assumed that the victim signal contains 
5 unwanted coupling from a disturber channel. Thereafter, at step 1308, the disturber 
signal is received. The disturber signal is utilized to generate a cancellation signal that 
when c ombined with the victim signal, will reduce or eliminate the coupling from the 
disturber signal to the victim signal. 

[0110] Accordingly, at a step 1312, the receiver associated with the victim channel 
10 utilizes feed-forward and/or feedback filtering to generate a first processed victim signal 
Similarly, at step 1316, the receiver associated with the disturber signal utilizes a feed- 
forward and/or a feedback filter to generate a first processed disturber signal. Processing 
of the disturber signal with the feed-forward and/or feedback filters aids in signal 
processing burden when generating the cancellation signal, discussed below, in that the 
15 feed- forward and/or feedback filtering accounts for the effects of the channel on the 
coupling signal while the ELFEXT filter may be trained to account for the coupling and 
not the effects of the channel. 

[0111] Thereafter, at a step 1320, the first processed disturber signal is provided to an 
ELFEXT filter configured to generate, at a step 1324, a cancellation signal that will 

20 cancel the coupling from the disturber signal onto the victim signal. The configuration 
of the ELFEXT filter is described above, and hence a duplicate discussion is not repeated. 
Next, at a step 1328, the FEXT cancellation signal from the ELFEXT filter is subtracted 
from the first processed signal to create a second processed signal. In one embodiment, 
the second processed signal comprises the output of a feedback filter with the 

25 cancellation signal subtracted therefrom. At a step 1332, the operation subtracts the 
second p rocessed s ignal f rom t he i ncoming s ignal, s uch a s a fter p rocessing by a feed- 
forward signal, to remove FEXT coupling from the received victim signal. In other 
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embodiments, the second processed signal may be generated in other manners or may be 
subtracted from the incoming signal at a different stage of processing. 
[0112] While various embodiments of the invention have been described, it will be 
apparent to those of ordinary skill in the art that many more embodiments and 
5 implementations are possible that are within the scope of this invention. 
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